While group A rotavirus is commonly associated with diarrheal disease in young 44 children, group B rotavirus has caused sporadic outbreaks of adult diarrheal disease. A 45 major genetic difference between group A and B rotaviruses is the NSP1 gene, which 46 encodes two proteins for group B rotavirus. We demonstrate that the smaller of these 47 proteins, NSP1-1, can mediate fusion of cultured human cells. Comparison with viral 48 proteins of similar function provides insight into NSP1-1 domain organization and fusion 49 mechanism. Our findings are consistent with an important role for a fatty acid 50 modification at the amino terminus of the protein in mediating its function. NSP1-1 from 51 a human virus mediates fusion of human cells, but not hamster cells, and enhances 52 rotavirus replication in culture. These findings suggest potential, but currently untested, 53 roles for NSP1-1 in RVB species tropism, immune evasion, and pathogenesis. 54
INTRODUCTION
Evidence of RVB infection has been commonly detected in diarrheic pigs (10-12), 77 and RVB has been associated with sporadic outbreaks of diarrheal disease in humans 78 (13-16). The first reported human RVB outbreak occurred in China from [1982] [1983] 79 ultimately affecting more than a million people with cholera-like diarrhea (17-21). While 80 RVB disease symptoms resemble those of RVA gastroenteritis, RVB causes disease 81 primarily in adults rather than pediatric populations (22) In the current publication, we provide evidence that RVB NSP1-1 is a FAST 114 protein that is capable of mediating syncytia formation in some, but not all, mammalian 115 cell types. Based on sequence alignment, we suggest that other rotavirus species, RVG 116 and RVI, also may encode functional FAST proteins. We demonstrate that the N 117 terminus is required for NSP1-1-mediated fusion and provide experimental support for a 118 role of NSP1-1 in viral replication and spread. These findings have potential implications 119 for the role of NSP1-1 in host immune evasion and human RVB disease. 120
121

RESULTS
122
The N terminus is required for RVB NSP1-1-mediated fusion in 293T cells. To test 123 the hypothesis that NSP1-1 is a FAST protein, we transfected human embryonic kidney 124 293T cells with a pCAGGS vector, pCAGGS encoding the fusogenic Nelson Bay 125 orthoreovirus (NBV) p10 FAST protein (32), or pCAGGS encoding codon-optimized 126 human RVB Bang117 NSP1-1, permitted expression for 24 h, then examined cell 127 morphology using differential interference contrast microscopy. Transfection with NBV 128 p10, a known FAST protein (32-35), or with RVB NSP1-1 changed the cell morphology 129 from individually distinct cells to a monolayer pockmarked by smooth oval-shaped 130 regions lacking defined cell edges, which likely represent syncytia (Fig. 1B) . These 131 observations suggest that, like NBV p10, RVB NSP1-1 can mediate cell-cell fusion. 132
To enable detection of RVB NSP1-1, we engineered a FLAG peptide at the N or 133 C terminus. Following transfection of 293T cells with pCAGGS encoding tagged forms 134 of RVB NSP1-1, we found that C-terminally tagged NSP1-1 (NSP1-1-FLAG) mediated 135 morphological changes resembling syncytia in the cell monolayer (Fig. 1B) . Cells 136 transfected with plasmids encoding N-terminally tagged NSP1-1 (FLAG-NSP1-1), 137 however, were morphologically indistinguishable from vector-transfected cells. This 138 finding suggests that the N terminus plays an important role in RVB NSP1-1-mediated 139 cell morphological changes. 140
To gain insight into RVB NSP1-1 localization and cell morphological changes, we 141 transfected 293T cells with pCAGGS encoding FLAG tagged NSP1-1, waited 24 h to 142 permit protein expression, fixed and stained the cells to detect FLAG and nuclei, and 143 imaged them using confocal microscopy. FLAG-NSP1-1 was typically expressed in the 144 cytoplasm of individual, or sometimes adjacent, cells ( Fig. 2A) . In Z-stacks, FLAG-145 NSP1-1 was detected in the cytoplasm at the level of the nucleus, and individual stained 146 cells were distinct (Fig. 2C) . In striking contrast to FLAG-NSP1-1, NSP1-1-FLAG was 147 detected in clusters containing many nuclei (Fig. 2B) . When looking through a Z-stack, 148 NSP1-1-FLAG was detected at and above the level of the nucleus, consistent with 149 cellular and plasma membrane localization, and the edges of individual stained cells 150 were indistinguishable (Fig. 2D) . rotavirus NSP1-1 proteins and Reoviridae FAST proteins, we constructed a maximum 156 likelihood (ML) tree using the sequences of representative RVB, RVG, and RVI NSP1-1 157 proteins and orthoreovirus and aquareovirus FAST proteins (Fig. 3A) . We found that 158 aquareovirus, and ARV/NBV FAST proteins each formed a clade supported by strong 159 bootstrap values that clustered distinctly from the rotavirus NSP1-1 proteins and BRV 160 p15, BroV p13, and RRV p14 FAST proteins. While they did not cluster together 161 strongly, RVB and RVG NSP1-1 proteins clustered most closely with BRV p15, whereas 162 RVI NSP1-1 proteins clustered more closely with RRV p14. 163
To gain insight into sequence and structural features of rotavirus NSP1-1 164 proteins, we used software to scan for sequence motifs and constructed amino acid 165 alignments with the most closely clustering FAST proteins from the ML tree (Fig. 3A) . 166
Based on the PROSITE definition (PDOC00008), an N-myristoylation site was predicted 167 at amino acids 2-7 in RVB NSP1-1 (Fig. 3B) . Although there is a high false-positive 168 prediction rate for N-myristoylation motifs, prediction at this precise location for every 169 complete RVB, RVG, and RVI NSP1-1 sequence deposited in GenBank (as of 170 12/4/2018; Fig. S1 ) provides confidence in its legitimacy. BroV, RRV, and BRV FAST 171 proteins are also known or predicted to be N-myristoylated (36-39). Using the TMHMM 172 Server, we identified predicted transmembrane helices in RVB, RVG, and RVI 173 sequences (Fig. 3B) . In each case, the N terminus was predicted to be extracellular, 174 while the C terminus was predicted to be cytoplasmic. For RVB Bang117 NSP1-1, the 175 TM region was predicted to span amino acids 39-61. The N termini of the NSP1-1 176 proteins in the alignment were typically predicted to be shorter than those of the FAST 177 proteins. Like the BroV, RRV, and BRV FAST proteins, each of the NSP1-1 proteins 178 contained multiple basic residues shortly after the TM domain (Fig. 3B) . However, fewer 179 basic residues were present in NSP1-1 (4-5) than FAST (6-7) protein polybasic regions. 180 Some RVB sequences contain short stretches of hydrophobic residues in the N-terminal 181 domain, while others contain two short hydrophobic regions in the C-terminal domain 182 (Fig. 3B) . Analyzed RVG and RVI NSP1-1 proteins lacked strong hydrophobic 183 signatures outside of the predicted transmembrane domain. NSP1-1 proteins were 184 typically shorter than FAST proteins, by up to 36 amino acids, with most of the 185 difference in length residing C terminal to the polybasic region (Fig. 3B) . The motifs 186 identified by sequence alignment and analysis ( fusion, we found that there were significantly more FLAG-positive single cells in FLAG-210 NSP1-1-transfected than NSP1-1-FLAG-transfected wells (~9 fold) and significantly 211 more clusters present in NSP1-1-FLAG-transfected cells than FLAG-NSP1-1-212 transfected wells (~3.5 fold) (Fig. 4B) . Often, groups of FLAG-NSP1-1-transfected cells 213 we identified as "clusters" appeared to be groups of three or four adjacent singly 214 transfected cells. To quantify differences in cluster size between FLAG-NSP1-1-215 transfected and NSP1-1-transfected Caco-2, we measured cluster diameters and found 216 that diameters of NSP1-1-FLAG clusters were significantly larger than those of FLAG-217 NSP1-1 (Fig. 4C ). These findings suggest that C-terminally tagged RVB Bang117 218 NSP1-1 can mediate fusion of a cell type similar to that targeted during natural RVB 219 NSP1-1-transfected Caco-2 monolayers displayed evidence of significant cytopathic 276 effects, including cell rounding and lifting, which may indicate poor cell health (Fig. 6E) . 277
In 293T cells, we found that SA11 titers were significantly enhanced for both NBV p10-278 and RVB NSP1-1-transfected cells, in comparison to vector-transfected cells at 24 and 279 48 h post infection (Fig. 6D) . Transfection of 293T cells with similar amounts of 280 pCAGGS expressing RVB NSP1-1 results in modest (24 h) to significant (48 h) visible 281 syncytium formation within the monolayer, without complete monolayer disruption and 282 cell lifting (Fig. 6E) . Together, these findings suggest that RVB NSP1-1 can enhance 283 rotavirus replication during multi-cycle infection, perhaps by enabling cell-cell spread. However, in a rodent model of infection with a fusogenic pteropine orthoreovirus (PRV), 360 authors failed to detect syncytia in infected lung tissue when specifically looking for 361 these cells (33). In the case of RVB infection, it has been suggested that syncytia are 362 rapidly sloughed from the intestinal epithelium and therefore easily missed (51). These 363 observations suggest that NSP1-1 is expressed during RVB infection, but low levels of 364 expression and cytotoxic effects may render this protein, and the syncytia whose 365
formation it mediates, difficult to detect. 366
Our results with cells transiently transfected with plasmids expressing RVB 367 NSP1-1 and infected with RVA SA11 suggest potential functions for NSP1-1 in rotavirus 368 replication and spread (Fig. 6 ). Since only a single successful in vitro culture system has 369 been published for RVB (52), with no follow-up studies, we used RVA to study NSP1-1 370 function in the context of viral infection. Our experimental results support a role for RVB 371 NSP1-1 in enhancing rotavirus replication in the presence of trypsin at a time point less 372 than the length of a single infectious cycle (Fig. 6A-B) and in the presence of inhibitory 373 FBS at time points that would permit multiple rounds of replication (Fig. 6C-D) . The 374 latter result is consistent with enhancement of replication by permitting the virus to 375 spread from cell-to-cell without having to initiate infection at the plasma membrane, 376 whereas the former result suggests another mechanism of replication enhancement. A 377 major drawback to our experiments using RVA is the inability to ensure that NSP1-1 378 expression and viral infection occurred in the same cell. With a small percentage of cells 379 infected and only a subset of cells transfected with plasmid DNA, it is likely that only a 380 fraction of infected cells also fused to adjacent cells to mediate virus spread. In our 381 system, we also were unable to modulate NSP1-1 expression levels, and our codon-382 optimized expression construct may have yielded significantly higher levels of protein 383 expression than are likely to occur during natural infection, fusing cells too rapidly and 384 resulting in cell death (Fig. 6E) . Ultimately, these preliminary observations will need to 385 were transfected with 50, 10, or 2 ng of plasmid DNA per well using LyoVec and 539 incubated at 37°C for 3 h. Medium was removed from the transfected cells and replaced 540 with serum-free DMEM for 1 h prior to virus adsorption. SA11 rotavirus was activated by 541 incubation with 1 µg/ml trypsin at 37°C for 1 h. Medium was removed from the cells, and 542 they were adsorbed with activated SA11 rotavirus diluted in 0.1 ml of serum-free DMEM 543 per well to a MOI of 1 PFU/cell at 37°C for 1 h. After adsorption, cells were washed then 544 incubated in serum-free DMEM containing 0.5 µg/ml trypsin at 37°C for 16 h. Cell 545 lysates were harvested after three rounds of freezing and thawing, and virus in the 546 resultant lysates was quantified by FFA. 547
For longer-term rotavirus transfection-infection experiments, 293T cells (~2.5 × 548 10 5 per well) in 24-well plates were transfected with 6 ng of plasmid DNA per well using 549
LyoVec and incubated at 37°C for 3 h. Medium was removed from the transfected cells 550 and replaced with serum-free DMEM for 1 h prior to virus adsorption. SA11 rotavirus 551 was activated by incubation with 1 µg/ml trypsin at 37°C for 1 h. Medium was removed 552 from the cells, and they were adsorbed with activated SA11 rotavirus diluted in 0.1 ml of 553 serum-free DMEM per well to a MOI of 0.1 PFU/cell at 37°C for 1 h. After adsorption, 554 cells were washed then incubated in DMEM containing 10% FBS at 37°C for 24 or 48 h. 555
Cell lysates were harvested after three rounds of freezing and thawing, and virus in the 556 resultant lysates was quantified by FFA. 557 Fluorescent focus assay. MA104 cells (4 × 10 5 per well) were seeded in black-558 wall 96-well plates and incubated overnight until near confluency. Infected cell lysates 559 were activated with 1 µg/ml trypsin for at 37°C for 1 h then serially diluted in serum-free 560 MEM. Medium was removed from MA104 cells, they were washed twice in serum-free 561 MEM and adsorbed with serial virus dilutions at 37°C for 1 h. Inocula were removed, 562 cells were washed with serum-free MEM then incubated in fresh medium at 37°C for 14-563 18 h. Cells were fixed with cold methanol, and rotavirus proteins were detected by 564 incubation with sheep polyclonal rotavirus antiserum at a 1:500 dilution in PBS 565 containing 0.5% Triton X-100 at 37ºC, followed by incubation with Alexa Fluor 488-566 conjugated anti-sheep IgG diluted 1:1000 and 300 nM DAPI. Images were captured for 567 four fields of view per well using an ImageXpress Micro XL automated microscope 568 imager (Molecular Devices). Total and percent infected cells were quantified using 569
MetaXpress high-content image acquisition and analysis software (Molecular Devices). 570
Fluorescent foci from four fields of view in duplicate wells for each sample were 571 quantified. Statistical analyses were performed using GraphPad Prism 7 (GraphPad). 572
Virus titers in cells transfected with plasmids expressing NBV p10 or RBV NSP1-1 were 573 compared to those in vector-transfected cells using an unpaired t-test. 574
Amino acid alignments and phylogenetic analysis. Sequences of NSP1-1 575 were obtained from GenBank. Accession numbers for FAST sequences analyzed for 576 the ML tree shown in Fig. 3A and alignment in Fig. 3B are ACN38055, ADZ31982, 577 ABV01045, AAM92750, AAM92738, AAF45151, ABY78878, AAF45157.1, ABM67655, 578 ACU68609, AAP03134, AHL26969, and AAL01373. Accession numbers for rotavirus 579 segment 5 source sequences for NSP1-1 proteins analyzed for the ML tree shown in 580 FLAG tag. Cells were fixed and stained with antibodies to detect FLAG (red) or nuclei 869 (blue) and imaged using both differential interference contrast and immunofluorescence 870 microscopy. Representative images are shown. Plasmids used for transfection and 871 objective lens magnification are indicated. 872 Figure S1 . Alignment of complete RVB, RVG, and RVI NSP1-1 sequences, colored 891 based on amino acid identity, with darker purple indicating higher identity at a given 892 position. RVB Bang117 NSP1-1 is shown in bold text. For each sequence, host origin, 893 rotavirus species, and GenBank accession number are indicated. Av, avian; Ca, canine; 894 Cp, caprine; Fe, feline; Ga, gallinaceous; Hu, human; Po, porcine. 895
